Introduction
The evolvement of oxygenic photosynthesis i Ea th s histo drove the emergence of 37 aerobic metabolism (Kopp et al., 2005; Allen and Martin, 2007) and the marginalization of 38 free-living anaerobes to fringe hypoxic/anoxic habitats (Hedges et al., 2004; Schirrmeister et 39 al., 2013) . The range expansion of aerobic life forms continued until the recent centuries 40 when anthropogenic eutrophication has caused deoxygenation of coastal and inland waters 41 (Smith, 2003) . This is reflected in lake sediment records of animal remains, most notably 42 those of chironomids and Chaoborus spp., both of which are tolerant of low oxygen 43 condition (Quinlan and Smol, 2001; 2010) . Chaoborus spp., in particular, are highly prevalent 44 in eutrophic and dystrophic lakes (Gosselin and Hare, 2003; Luoto and Nevalainen, 2009) . 45 Chironomid head capsules and Chaoborus mandibles are well preserved in sediments, and 46 are therefore useful palaeolimnological indicators of major shifts in lake trophic state 47 (Sweetman and Smol, 2006; Quinlan and Smol, 2010) . 48 Lake remediation strategies often revolve around nutrient reduction and artificial 49 aeration but with questionable results (Schindler, 2006; Singleton et al., 2006; Conley et al., 50 2009). Internal nutrient loading can continue for years even after reduction of external input 51 and artificial aeration, although the underlying reasons are not fully understood (Gächter 52 and Wehrli, 1998; Hupfer and Lewandowski, 2008) . Over the past four decades, researchers 53 have considered several factors to explain or predict hypolimnetic oxygen demand, most 54 commonly Secchi depth, chlorophyll, productivity, temperature, external loading, total 55 phosphorus, reduced substrates from sediment, and sediment oxygen demand (Table S1) . 56 These studies, however, do not explain the oft-reported positive relationship between areal 57 hypolimnetic oxygen demand and hypolimnion thickness (Charlton, 1980; Müller et al., 58 5 Chaoborus migration was monitored using a 5-beam acoustic Doppler current 80 profiler (ADCP; Teledyne RDI V50, 492 kHz) in Lake Soppensee, Switzerland, a eutrophic lake 81 with a long history of anoxic bottom water (Gruber et al., 2000) . The ADCP was bottom 82 mounted (upward looking) in 20 m water depth and mounted to a gimballed frame. The 83 ADCP recorded backscatter with a 0.5 m resolution from ca. 2.5 m from the sediment floor 84 to within 1 m of the surface. The ADCP backscatter is an excellent method to track 85 Chaoborus movement because of the strong signal resulting from their gas vesicles (Lorke et 86 al., 2004) . In situ larvae abundance was estimated from night-time vertical plankton net 87 to s μ esh, . ope i g . respectively (Table S2 ). The corresponding Q 10 was 1.44 for CO 2 production and 1.71 for O 2 129 consumption, both lower than the usually assumed value of 2−3, but close to the measured 130 Q 10 for nutrient excretions by Chaoborus (1.49−1.66) (Fukuhara and Yasuda, 1985; 1989) . 131 This suggests that Chaoborus metabolism is less sensitive to temperature change than 132 expected as the larvae routinely migrate between the cold lake bottom and the warm upper 133 water. The derived respiratory quotient was 0.84 and 0.98 for the high and low 134 temperature, respectively. The values are similar to that reported for C. punctipennis 135 (Ransom et al., 1969) and are indicative of a protein-rich diet for this predatory species. 136 To put these respiration rates in an ecological context, we considered a C. flavicans , 2000) . Chaoborus larvae are unique in the sense that they are often 9 the only organisms that migrate daily into the lake sedi e t. This Chaoborus pu p a 166 therefore strongly affect sediment biogeochemistry in ways few other diurnal migrators can. 167 Assuming instars 3 and 4 spend half of the non-migrating time in the sediment (the other 168 half feeding in the water column), we used our respiration data at 8 °C to estimate the 169 amount of respired CO 2 added to the sediment as rN[1-(2H/S)]/2 (Fig. 3a) . Similarly, we also 170 calculated O 2 uptake by Chaoborus in the sediment (Fig. 3b ). and converted that to temperature specific excretion rates based on published algorithms 216 (Devine and Vanni, 2002) to arrive at the excretion rates of 0.021 μmol N ind -1 d -1 and 0.11 217 μmol P ind -1 d -1 . We then calculated N and P fluxes into the sediment mediated by migrating 218 Chaoborus larvae as a function of population density and water depth (i.e. time spent in the 219 sediment) ( Fig. 3c, d ).
220
External phosphorus loading is considered to be the main driving force of lake (Table S3 ). The estimated value ranged from 0.07 to 3.09 g m -2 yr -1 , equivalent to 228 ca. 35−770% of external P loading across the trophic gradient. We should emphasize that 229 our calculation is not actual P sequestration because it does not account for nutrient 230 resuspension from the sediment due to bioturbation (Gosselin and Hare, 2003) . 231 Nevertheless, considering that the calculated P-downward flux was on the same order of 232 magnitude or even exceeded the e ui ed external P loading for eutrophication, this 233 exercise has important implications for lake ecology and management: Surface nutrient 234 loading can be largely pumped by migrating Chaoborus larvae into the lake bottom, where 235 the strong oxygen deficit partly created by Chaoborus respiration would keep the nutrients 236 in dissolved (reduced) forms that readily diffuse back to the overlying water (Fig. 4) 
Conclusions

249
Conventional studies assume that deoxygenation of eutrophic lake waters is driven 250 primarily by internal oxygen consumption by microbes. Lake management and restoration 251 by nutrient reduction and artificial aeration often fail to produce the desired outcome. Using 252 a system analytical approach with experimental data, we revealed novel aspects of 253 Chaoborus in driving ecosystem functioning in lakes and reservoirs. Chaoborus larvae seem 254 to account for a significant fraction of both the hypolimnetic and sediment oxygen 255 demands, and effectively trap nutrients between the water and the sediment, where they 256 will enhance the internal nutrient loading. Consequently, once Chaoborus larvae have 13 successfully established their populations, they tend to maintain the status quo of eutrophic 258 lakes and counteract lake remediation efforts. We therefore propose that to improve lake 259 management and remediation strategies, it will require measures not only to curb external 260 nutrient input, but also to control or reduce Chaoborus populations. Table   390 shows % AHM change (slope of the regression line) that can be explained by Chaoborus Tang et al., The Chaoborus pump: Migrating phantom midge larvae sustain hypolimnetic oxygen deficiency and nutrient internal loading in lakes
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